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SUMMARY 

This paper presents some recently obtained information on landing- 
gear applied drag loads and on the nature of the wheel spin-up phenomenon 
i n  landing, based on a program of tests under controlled conditions i n  
the Langley impact basin. I n  par t icular ,  a study has been made of the 
nature and variation of the coeff ic ient  of f r i c t i o n  between the  t i r e  and 
the runway during the wheel spin-up process. 
made of the  various r e su l t s  obtained i n  impacts w i t h  forward speed, impacts 
with forward speed and reverse wheel rotation, spin-up drop t e s t s ,  and 
impacts with forward speed and wheel prerotation. 

Also, comparisons have been 

INTRODUCTION 

In  recent years the problems associated with landing-gear drag loads 
have assumed increased importance i n  the design of airplanes. Although 
drag loads may lead t o  c r i t i c a l  design conditions fo r  such items as the 
landing gear, drag bracing, par t s  of the wing, engine mounts and nacelles, 
t a i l  booms, the afterfuselage, and even t a i l  surfaces, comprehensive r e l i -  
able information on drag loads i s  meager and exis t ing data a re  often i n  
conf l ic t .  

The drag-loads problem may be logical ly  resolved in to  two major 
aspects, namely, (a) the  external applied loads, which a re  the forces 
developed between the t i r e  and the runway during the wheel spin-up process 
i n  landing, and (b) the dynamic loads induced i n  the landing gear and 
various other par t s  of the airplane structure by the applied loads. The 
applied ground loads serve as the forcing function which, i n  conjunction 
with the mass and f l e x i b i l i t y  character is t ics  of the airplane governs the 
dynamic response of the s t ructure  and, thus, the loads and s t resses  devel- 
oped i n  the airframe. 

A t  the  present time a number of dynamic-analysis methods ex i s t  
which, while not perfect  and often laborious, permit reasonable accuracy 
i n  the calculatian of the dynamic response i f  the forcing function i s  
known. One of the main problems seems t o  be: What i s  the forcing func- 
t ion? This paper i s  therefore concerned primarily with the applied 
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ground loads and the  physical phenomena involved i n  the wheel spin-up 
process and i n  par t icular  w i t h  the variation of the actual  coefficients 
of f r i c t i o n  developed between the  t i r e  and t h e  runway. 
be presented cover four d is t inc t  types of impact conditions; namely, 
impacts with forward speed, impacts with forward speed and reverse wheel 
rotation, stationary spin-up drop tes ts ,  and forward-speed impacts with 
wheel prerotat  ion. 

The results t o  

I n  the  past ,  attempts t o  investigate systematically the  applied 
ground loads and the  coefficient of f r i c t i o n  by correlation of f l i g h t -  
tes t  results have generally been impeded by d i f f icu l t ies  introduced by the 
re la t ive ly  large amount of sca t te r  normally found i n  f l igh t - tes t  data as a 
result  of the large number of uncontrolled and generally unmeasured vari- 
ables involved and, probably most important, by t h e  fact tha t  such data 
are usually obtained with s t r a i n  gages mounted somewhere i n  t h e  landing- 
gear structure,  which give a measure of t h e  loca l  s t r a i n  or  response 
rather  than of t h e  applied ground loads. The results of spin-up drop 
tests have a l so  been subject t o  question because of t h e  a r t i f i c i a l  con- 
d i t  ions imposed. 

A s  a result, it was f e l t  t h a t  one of t he  best contributions t h a t  
the  NACA could make i n  the  f i e l d  of ground loads a t  t h i s  time would be 
t o  study the applied drag loads and the wheel spin-up phenomenon under 
controlled conditions and with instrumentation specif ical ly  designed t o  
measure the  applied ground loads. The Langley impact basin was chosen 
f o r  t h e  i n i t i a l  phases of t h i s  program and a removable concrete landing 
s t r i p  was instal led f o r  the t e s t s .  The impact-basin equipment permits 
a f a i r l y  large amount of control i n  preset t ing and measuring t h e  impact 
parameters involved and also permits the use of specialized instrumenta- 
t i o n  which would be d i f f i c u l t  t o  incorporate i n  an airplane. 

EQUIPMENT AND INSTRUMENTATION 

The impact-basin equipment consists primarily of a carriage which 
i s  catapulted down a t rack  and which incorporates a dropping mechanism 
f o r  producing an impact of the  landing gear with the runway. Thus, the 
equipment may be likened t o  a drop-test tower on wheels. 
view of the  impact-basin carriage equipped f o r  landing-gear t e s t ing  i s  
shown i n  figure 1. 
m i l e s  per hour and the  maximum dropping weight i s  2500 pounds. 
l i f t  forces are simulated mechanically. The landing gear used i n  the 
present investigation is a main-landing-gear unit  designed f o r  a T-6 o r  
SNJ t r a ine r  airplane having a gross weight of about 5000 pounds. The 
gear i s  f i t t e d  with a 27-inch smooth-contour (type I) t i r e  having a non- 
skid tread. The t i r e  inf la t ion  pressure is 32 pounds per square inch. 
In  the  present tests the  gear was inclined forward at l’jO with respect 
t o  t h e  ver t ica l .  A l l  tests w e r e  on a concrete surface. 

A schematic 

The maximum forward speed of the  carriage i s  60 
Wing 
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A sketch of the landing-gear installation is shown in figure 2. 
Of the various types of specialized instrumentation used in the tests, 
probably the most important is the two-component axle dynamometer which 
was specially developed for this investigation. This axle dynamometer, 
which is of the electrical strain-gage type, measured the axial and nor- 
m a l  forces transmitted from the axle to the fork of the landing gear, from 
which the vertical and horizontal forces at the axle can be readily 
determined. Although the axle-dynamometer measurements do not, in gen- 
eral, differ greatly from the applied ground loads, there is a difference, 
equal to the inertia reaction of the mass between the dynamometer and 
the ground. The actual applied ground loads are therefore obtained by 
adding these inertia forces, which are determined from accelerometer 
measurements, to the axle-dynamometer measurements. Measurements of the 
ground loads obtained in this manner check very closely with data obtained 
simultaneously with a ground dynamometer or reaction platform in stationary 
spin-up drop tests. (See, for example, fig. 3 . )  

Also included in these tests was instrumentation to measure the 
instantaneous skidding velocity of the surface of the tire with respect 
to the runway. The skidding velocity was obtained from measurements of 
the axle translational velocity, the wheel angular velocity, and the 
effective skidding radius of the tire. 

A special effort was made to employ high-frequency instrumentation 
and recording equipment in order to minimize instrument-response errors. 

RESULTS AND DISCUSSION 

Fundamentals of Wheel Spin-Up Process 

Forward-speed tests.- Figure 4 shows several typical t b e  histories 
of the applied ground loads as measured in impacts with forward speed and 
illustrates some of the fundamentals of the wheel spin-up process. Data 
are presented for impacts at a given vertical velocity Vvo, 9.6 feet per 
second in this case, and at horizontal velocities VQ of' 12, 30, and 
57 miles per hour. In the upper graph, the top curves show time histories 
of the applied vertical load and the bottom curves show the drag load. 
The lower graph shows the variation of the coefficient of friction during 
the spin-up process. The coefficient of friction is simply the instanta- 
neous ratio of the applied drag load to the applied vertical load. 
should be noted that the friction-coefficient scale does not extend down 
to zero. 

It 

A number of basic effects can be seen from this figure. As the , 

forward speed is increased the time to reach the maximum drag load and 
the time required f o r  wheel spin-up is increased. During this period 
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the t i r e  i s  skidding re la t ive  t o  the runway as the  wheel is being accel- 
erated from zero i n i t i a l  rotat ional  velocity up t o  ground-rolling speed 
by the  drag load. The area under the drag-load-time curve represents 
an impulse which, acting through the deflected radius of the skidding t ire,  
produces an angular impulse tha t  must equal the change i n  angular momentum 
of the wheel during the  spin-up process. The higher the i n i t i a l  hori- 
zontal velocity, the  greater i s  the  required impulse f o r  spin-up, the  
more the skidding i s  prolonged, the greater is the  ve r t i ca l  load when 
the wheel comes up t o  speed, and the greater i s  the  maximum drag load. 

A s  can be seen, the  increased drag loads a re  accompanied by a sub- 
s t a n t i a l  increase i n  the  ve r t i ca l  load. This increase i n  the ve r t i ca l  
load a r i s e s  from two sources; namely, (a)  increased f r i c t i o n  i n  the  
shock s t r u t  which r e su l t s  from the larger  bending moments produced by 
the  incl inat ion of the  resul tant  of the ve r t i ca l  and drag forces w i t h  
respect t o  the axis  of the  shock strut and (b) the component of the drag 
force along the ax is  of the shock strut which tends t o  increase the  rate 
of closure of the strut, w i t h  consequent increase i n  the shock-strut 
ax ia l  force.  . 

The lower graph (f ig .  4 )  shows tha t  the  coefficient of skidding 
f r i c t i o n  increases with time during the spin-up process. Since the 
skidding velocity i s  greatest  a t  the instant of i n i t i a l  contact and 
drops t o  zero at the  instant  of spin-up, it i s  evident t h a t  the coeffi-  
c ient  of f r i c t i o n  increases as the  skidding veloci ty  decreases. 
e f fec t  can a l so  be seen by examining the  three lower curves a t  a given 
instant of t b e  before spin-up. The curve f o r  57 miles per hour repre- 
sents the  highest skidding veloci ty  and indicates t he  lowest coefficient 
of f r i c t ion .  The maximum values of the coefficient of f r i c t ion ,  which 
correspond t o  very small values of t he  instantaneous skidding velocity 
jus t  p r io r  t o  spin-up, a l so  decrease with increasing forward speed, 
probably because of t he  greater  temperature of the surface of the t read 
rubber which results from the  greater work done by the skidding f r i c t i o n  
force.  A more detai led discussion of the  character is t ics  of the  skidding 
f r i c t i o n  w i l l  be presented i n  a subsequent section. 

This 

Forward-speed t e s t s  with reverse wheel rotation.-  In  an attempt t o  
extend the  range of the  investigation beyond the 60 miles per hour maxi- 
mum speed of the carriage, forward-speed tests were made w i t h  reverse 
wheel rotat ion.  The carriage was propelled a t  i t s  maximum speed and the 
landing wheel was rotated backward t o  simulate horizontal ve loc i t ies  a t  
i n i t i a l  contact up t o  186 miles per hour. 

Figure 5 shows r e su l t s  of two typical  t e s t s  near the extremes of 
the  horizontal-velocity range obtained i n  t h i s  phase of the investiga- 
t i on .  The so l id  curves are  f o r  an i n i t i a l  re la t ive  horizontal veloc- 
i t y  Vm 
186 miles per hour. 
per second. 

of 76 miles per hour, whereas the dashed curves are  f o r  

The ve r t i ca l  velocity i n  these t e s t s  was 7.5 f e e t  
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The results f o r  76 miles per hour are similar i n  character t o  those 
previously discussed. The high-speed results, however, are markedly 
different .  F i r s t  of a l l ,  the time t o  spin-up is great ly  increased, as 
m i g h t  be expected, and the wheel does not come up t o  speed u n t i l  very 
much after the  maximum ve r t i ca l  load is  reached. 
out the  time history,  as well as the maximum drag load, is  considerably 
reduced. Similarly the maximum ver t ica l  load is  much less, because of 
t he  reduced f r i c t i o n  i n  the  shock s t r u t ,  which results f romthe  fact 
tha t  the  resultant ground force i s  more nearly alined with the  axis of 
the  shock s t r u t .  

The drag load through- 

The cause of the  smaller loads a t  high speed i s  the  much lower 
coefficient of f r i c t i o n  throughout most of the  time history, which 
results from the  higher skidding velocity and the  increased heating of 
the t i r e  surface. 
t he  coefficient of f r i c t i o n  increases as the  skidding velocity decreases, 
jus t  a s  i n  the  previous cases. 
a t  the instant of spin-up, the  maximum drag load is likewise l o w .  

In  the  later stages of t he  spin-up process, however, 

Since the  ve r t i ca l  load is  f a i r l y  small 

An interest ing phenomenon i n  the case of the  high-speed impact is 
the  sudden reduction i n  the slope of the drag-load-time curve short ly  
a f t e r  contact and the  marked drbpoff i n  the coefficient of f r i c t ion .  
Apparently, a t  t h i s  point the  c r i t i c a l  temperature of the  t read rubber 
is exceeded because of the very high skidding velocity, and the area of 
the  t i r e  i n  contact w i t h  the  runway becomes molten. 
appears t o  be only temporary and ceases t o  exist as the  skidding velocity 
decreases. 

This s i tuat ion 

Coqarison of Maximum Loads i n  Various Ty-pes of Tests 

Forward-speed t e s t s  and forward-speed tests with reverse wheel 
rotation.- Figure 6 shows the  maximum ve r t i ca l  and the maximum drag 
loads obtained i n  the  ordinary forward-speed tests and i n  the  forward- 
speed t e s t s  w i t h  reverse wheel rotation plotted against the relat ive 
horizontal velocity a t  i n i t i a l  contact. 
velocity a t  contact of 7.5 feet per second. The sol id  c i rc les  and the  
solid-line curves are  data from the forward-speed t e s t s  below 60 miles 
per hour; the open squares and the long-dash curves are data f romthe  
forward-speed t e s t s  a t  the  maximum carriage velocity w i t h  reverse wheel 
ro t a t  ion a 

A l l  tests are f o r  a ver t ica l  

In  order t o  check on the va l id i ty  of t he  reverse-rotation technique, 
the  carriage was a l s o  propelled a t  l o w  speeds and the  landing wheel was 
spun up backward t o  simulate the or iginal  forward-speed tests between 
30 and 60 miles per hour. 
diamonds and t r iangles  f o r  carriage veloci t ies  of 33 and 1 4  miles per 
hour, respectively. 
r iage speed, but i n  t h i s  low-speed region such ef fec ts  would be expected 

These overlapping tests are shown by the  open 

There appear t o  be some secondary e f fec ts  of car- 
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t o  be Small. 
i n  smaller loads f o r  a given re la t ive  horizontal velocity. 
arises f romthe  f a c t  that reverse-rotation t e s t s  do not duplicate the 
r a t i o  of the skidding velocity t o  the  forward speed of the carriage, 
cal led the s l i p  r a t io .  
more d e t a i l  l a t e r .  
loads i n  a t rue  forward-speed test  should be somewhat larger  than are 
indicated by the  data from the forward-speed t e s t s  w i t h  reverse rota- 
t ion.  The exact amount of t h i s  difference cannot be determined a t  the 
present time since there is  no way of obtaining actual  forward-speed 
data above 60 m i l e s  per hour i n  t he  impact basin. 

Present indications are tha t  reduced carriage speeds result 
This result 

The ef fec ts  of s l i p  r a t i o  w i l l  be discussed i n  
Because of the differknce i n  s l i p  ra t io ,  the actual  

A s  can be seen from figure 6, the maximum drag load reached a maxi- 
mum a t  about 80 miles per hour. A t  t h i s  horizontal velocity the instant 
of Spin-up coincides i n  time with the occurrence of the maximum ve r t i ca l  
load, as can be seen from figure 5. Above t h i s  speed, because of t he  
reduced coefficient of f r i c t ion ,  the maximum drag load decreased w i t h  
increasing forward speed, as previously indicated by the time his tor ies .  
The ve r t i ca l  load increased markedly w i t h  increasing drag b a d ,  because 
of shock-strut f r i c t ion ,  then dropped as the drag load decreased a t  the  
higher horizontal veloci t ies ,  a lso as previously noted. The dip i n  the 
curve of maximum ve r t i ca l  load at  a horizontal velocity of about 20 m i l e s  
per hour corresponds t o  the condition of minimum f r i c t i o n  i n  the  shock 
s t r u t .  A t  speeds below 20 m i l e s  per hour the  resultant force tends t o  
deflect  the  gear forward; at  speeds above 20 m i l e s  per hour the resultant 
force tends t o  def lect  the gear rearward. A t  about 20 m i l e s  per hour the 
average resul tant  force is  most nearly alined with the ax is  of the s t ru t ,  
and the bending moment, and thus the s t r u t  f r ic t ion ,  reaches a minimum, 
w i t h  consequent reduction i n  the ve r t i ca l  load. 

Spin-up drop tests.- In  figure 7 the  maximum ve r t i ca l  and maximum 
drag loads obtained i n  spin-up drop t e s t s  are compared w i t h  the results 
of the  forward-speed tests previously discussed. 
the carriage was stationary and the landing wheel was spun up backward 
before the impact t o  simulate the effect  of forward speed. 
velocity a t  contact i n  these t e s t s  was also 7.3 f ee t  per second. The 
open c i r c l e s  and short-dash curves show the drop-test data; the solid- 
l i n e  and long-dash curves represent the forward-speed results and are 
the same as the curves of figure 6 .  

In  these drop t e s t s  

The ver t ica l  

A s  can be seen, the  spin-up drop t e s t s  were i n  f a i r l y  good agree- 
ment w i t h  the forward-speed t e s t s  a t  the  low re la t ive  horizontal veloc- 
ities, the  drop tests yielding s l igh t ly  higher drag loads. A t  speeds 
above about 40 miles per hour, however, the drop t e s t s  yielded consid- 
erably smaller drag loads and smaller ve r t i ca l  loads than did the forward- 
speed tests, the latter result again indicating the  e f fec ts  of s t r u t  



NACA TN 3246 

f r i c t ion .  
coefficients of skidding f r i c t i o n  in the spin-up drop t e s t s  than i n  the 
forward-speed tests throughout most of the horizontal-velocity range, whkh 
resu l t  f romthe  rubbing of the t i r e  i n  one spot on the  concrete i n  the  
case of the drop t e s t s .  
coefficient of f r i c t i o n  can be obtained from the following discussion. 

These reductions i n  load are due primarily t o  t he  much smaller 

A be t t e r  understanding of the nature of the  

Variation of Coefficient of Fr ic t ion 

Figure 8 shows the var ia t ion of the coefficient of skidding f r i c -  
t i o n  during impact f o r  the  three types of t e s t s  previously discussed, 
namely, the impacts w i t h  forward speed below 60 m i l e s  per hour, the  
impacts w i t h  forward speed and reverse wheel rotation, and the  spin-up 
drop t e s t s .  I n  t h i s  f igure the coefficient of f r i c t i o n  is  plot ted 
against  the instantaneous skidding velocity of the t i re  w i t h  respect t o  
the runway. Each curve shows the variation of the coeff ic ient  of f r i c -  
t ion  during a par t icular  test  run. 
shown from only three runs f o r  each type of test. The highest skidding 
velocity shown for  any par t icular  t e s t  run (the right-hand extremities 
of the curves) corresponds t o  the r e l a t ive  horizontal velocity a t  the 
instant  of i n i t i a l  contact, which i s  indicated by the nunibers next t o  
each curve. 
i s  f ina l ly  completed. Thus the course of the impact appears i n  th i s  f ig-  
ure from r igh t  t o  l e f t .  
very l i t t l e  s ca t t e r  and re la t ive ly  smoth  curves could therefore be drawn 
through the points w i t h  almost no fair ing.  It should be again noted tha t  
the fr ic t ion-coeff ic ient  scale does not extend down t o  zero. 

For the sake of c l a r i t y ,  r e su l t s  are 

When the skidding velocity reaches zero the spin-up process 

The actual  data points f o r  any given run exhibited 

L e t  us first examine the  r e su l t s  of the forward-speed tests. The 
main point t o  be m a d e  here i s  tha t  the coefficient of f r i c t i o n  decreases 
w i t h  increasing skidding velocity,  from almost 0.9 at 3 m i l e s  per hour 
t o  about 0.7 a t  50 miles per hour. 

I n  the case of the  forward-speed tests w i t h  reverse wheel rotation, 
a t  t h e  low skidding veloci t ies  there i s  general agreement w i t h  the  t rue  
forward-speed data. 
coefficient of f r i c t i o n  w i t h  increasing skidding velocity.  
decreasing trend is  evident throughout t h e  en t i r e  skidding-velocity 
range and indicates coeff ic ients  of f r i c t i o n  as low as  0.3 a t  skidding 
ve loc i t ies  of 150 m i l e s  per hour. 
even i n  the case of impacts at  high i n i t i a l  re la t ive  veloci t ies ,  the  
coefficient of f r i c t i o n  reaches f a i r l y  high values as the skidding 
velocity i s  reduced i n  the later stages of t he  spin-up process. 

There is also the  general trend of a decreasing 
This 

It should be noted, however, that, 

It can be seen t h a t  i n  the ear ly  stages of each impact t h e  curves 
depart f romthe  general t rend and the i n i t i a l  values of the  coefficient 
of f r i c t i o n  a re  f a i r l y  high. For example, the  data f romthe  t e s t  a t  an 
i n i t i a l  horizontal velocity of 118 miles per hour start out at  a coef- 
f i c i e n t  of f r i c t i o n  of about 0.6 and rapidly drop t o  the  general trend. 
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This short-duration effect  is believed t o  represent a t rans i t iona l  stage 
from an i n i t i a l l y  cold rubber surface t o  a more-or-less equilibrium con- 
d i t ion  represented by the general trend. 
t i r e  the variation of the  coefficient of f r i c t i o n  w i t h  skidding velocity 
appears t o  follow a limiting curve through the  upper i n i t i a l  poiarts; 
whereas, f o r  t he  operating-equilibrium condition the variation is 
represented by the  lower trend, as is  diagrammatically i l l u s t r a t ed  i n  
figure 9. Both trends indicate a decrease i n  coefficient of f r i c t i o n  
w i t h  increasing skidding velocity, the rate of decrease being more pro- 
nounced f o r  the curve labeled "hot." 

In  other words, f o r  the  cold 

I n  the  case of the extremely high i n i t i a l  re la t ive velocity of 
186 miles per hour ( f ig .  8), the apparent temporary liquefaction of 
the  t read  rubber short ly  after i n i t i a l  contact, because of the very 
high skidding velocity i n  t h i s  region, i s  manifested by the  loca l  drop 
i n  the f r i c t i o n  coefficient.  
connection w i t h  the time h is tor ies  shown i n  figure 5 .  

This effect  was previously discussed i n  

The equilibrium trend f o r  the  forward-speed tests w i t h  reverse 
rotat ion shows a more rapid decrease i n  the coefficient of f r i c t i o n  
w i t h  skidding velocity than is  indicated by the  forward-speed tests 
below 60 m i l e s  per hour. 
of s l i p  ra t io ,  which was previously defined as the  r a t i o  of the  skidding 
velocity t o  the forward speed of the wheel. Reverse-rotation t e s t s  have 
higher s l i p  r a t io s  than t rue  forward-speed t e s t s .  A s  a resul t  there is  
less fresh runway brought in to  contact w i t h  t he  t i r e  per uni t  time than 
i n  a t rue  forward-speed t e s t ,  and therefore l e s s  cooling e f fec t  and a 
greater tendency f o r  contamination of the runway i n  the t i r e  contact 
area by abraded o r  molten rubber, w i t h  a consequent reduction i n  the 
coefficient of f r i c t ion .  

This result i s  apparently due t o  the  e f fec ts  

The e f fec t  of s l i p  r a t i o  i s  even more marked i n  the spin-up drop 
t e s t s .  For low i n i t i a l  re la t ive horizontal veloci t ies ,  t he  coefficients 
of f r i c t i o n  are  generally of the qame order as  i n  the forward-speed 
t e s t s .  A t  these l o w  skidding veloci t ies  heating and runway contamina- 
t i o n  are  negligible, even though the t i r e  i s  always rubbing i n  one spot 
on the  concrete. A t  the  higher i n i t i a l  re la t ive  veloci t ies ,  however, 
the  t i r e  surface rapidly becomes sof t  and even molten, and the concrete 
becomes loaded w i t h  gummy rubber which ac ts  a s  a lubricant.  A s  a 
resu l t ,  the t rans i t ion  from a cold t i r e  surface t o  a hot t i r e  surface 
is very rapid, and the  coefficient of f r i c t i o n  becomes very small 
throughout prac t ica l ly  the  en t i r e  spin-up process. 
the  higher the  i n i t i a l  re la t ive velocity, the  smaller i s  the coefficient 
of f r i c t ion .  For example, a t  an i n i t i a l  re la t ive  horizontal velocity of 
155 miles per hour, the  average coefficient of f r i c t i o n  is less than 0.4. 
These unrea l i s t ica l ly  low coefficients of f r i c t i o n  i n  spin-up drop tests 
indicate why some manufacturers have had t o  r e so r t  t o  special  a r t i f i c i a l  

It can be seen that 
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reaction-platform surfaces i n  order t o  rea l ize  coefficients of f r i c t i o n  
more compatible with experience and with design requirements. 

Effects of Prerotation 

The last subject t o  be considered deals with the e f fec ts  of wheel 
prerotation i n  reducing drag loads. 
reasons that prerotation has not come into wider use stems from a general 
bel ief  t ha t  the reductions i n  drag load would be very s m a l l  unless the  
prerotation speed i s  matched almost exactly with the ground-rolling speed, 
a requirement which may be rather  d i f f i c u l t  t o  achieve i n  practice. 

It appears tha t  one of the main 

Figure 10 shows how prerotation a f fec ts  the drag load. The upper 
curves are  time h is tor ies  of the  ve r t i ca l  load; the  lower curves a re  
drag-load time h is tor ies .  Results a re  shown f o r  three prerotation 
speeds ranging from no prerotation t o  93 percent o r  almost complete pre- 
rotat ion.  
second and a carriage horizontal velocity of 57 miles per hour. 
r e su l t s  show tha t  wheel prerotation permits a major reduction i n  drag 
load as  well as  an accompanying reduction i n  ve r t i ca l  load. 

These t e s t s  were made at a ve r t i ca l  velocity of 9.6 f ee t  per 
These 

In  order t o  show more c lear ly  the  e f fec t  of prerotation on the  
maximum drag load, figure 11 presents a graph of the r a t i o  of the  maxi- 
mum drag load w i t h  prerotation t o  the  maximum drag load without prero- 
ta t ion ,  as  a function of the  percent prerotation. 
a lso f o r  a carriage horizontal veloci ty  of 57 miles per hour and a range 
of ve r t i ca l  veloci t ies .  
representative of design sinking speeds indicate substant ia l  reductions 
i n  maximum drag load, even f o r  p a r t i a l  prerotation. For example, 50 per- 
cent prerotation reduced the drag load by almost 40 percent i n  these 
t e s t s .  A t  the  lowest ve r t i ca l  velocity, however, p a r t i a l  prerotation, 
while s t i l l  beneficial ,  does not permit as  marked a reduction i n  drag 
load. 

These r e su l t s  are  

The data f o r  the high ve r t i ca l  veloci t ies  

The foregoing r e su l t s  correspond very closely w i t h  what would be 
predicted from curves of maximum drag load against i n i t i a l  re la t ive  
horizontal velocity, such as  previously shown i n  figure 6. 

In  evaluating these prerotation resu l t s ,  a word of caution i s  nec- 
essary. 
velocity was 57 miles per hour. 
velocity is  below the  forward speed a t  which the  hump i n  the maximum 
drag-load curve occurs. A t  speeds below the  hurrrp, reducing t h e  re la t ive  
velocity by prerotation, even p a r t i a l  prerotation, always serves t o  

In  the prerotation tests discussed here the carriage horizontal 
A s  can be seen from f igure 6 t h i s  
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reduce the  drag load. For horizontal veloci t ies  above the  hump, how- 
ever, p a r t i a l  prerotation could very well produce an increase i n  drag 
load i f  t he  re la t ive  velocity were reduced t o  values i n  the  v ic in i ty  of 
the  hump. This poss ib i l i ty  should always be considered i n  the design 
of prerotation devices and care taken t o  insure tha t  the  re la t ive  veloc- 
i t y  produced by prerotation is  well below the  hump velocity.  
r e s t r i c t ion  s t i l l  provides a great deal of l a t i t ude  i n  matching the 
forward speed and does not violate  the  previous conclusion tha t  appre- 
c iable  reductions i n  drag load can be obtained even with incomplete 
prerotation. It would also appear t ha t  prerotation should be advanta- 
geous from the standpoint of fatigue,  because of the reduction of the 
fore-and-aft osc i l la tory  loading (so-called spin-up and spring-back 
loads) dynamically induced by the drag load. 

This 

SUMMARY OF RESULTS 

This paper has presented some recently obtained information on 
landing-gear applied drag loads and on the nature of the  wheel spin-up 
phenomenon i n  landing. These results are  based on a program of t e s t s  
under controlled conditions, which is  s t i l l  i n  progress i n  the  Langley 
impact basin. In  par t icular ,  a study has been made of the  nature and 
var ia t ion of the coefficient of f r i c t i o n  between the  t i re  and the run- 
way during the spin-up process. Also, comparisons have been made of the 
various results obtained i n  hrpacts with forward speed, impacts with f o r -  
ward speed and reverse wheel rotat ion,  spin-up drop t e s t s ,  and impacts 
with forward speed and wheel prerotation. 
follows : 

A summary of the major findings 

1. The maximum applied drag load increases w i t h  increasing i n i t i a l  
horizontal  velocity, reaches a maximum value at the horizontal velocity 
a t  which wheel spin-up coincides i n  time with the occurrence of the max- 
imum ver t i ca l  load, then decreases as  the  horizontal  velocity is  fur ther  
increased, primarily because of a reduction i n  the  coefficient of f r i c -  
t ion with increasing skidding velocity.  

2.  The ve r t i ca l  load increases substant ia l ly  with increasing drag 
load, because of increased f r i c t i o n  i n  the shock s t r u t  which resu l t s  
from the bending moments produced by the  incl inat ion of the  resultant 
ground force w i t h  respect t o  the  ax is  of the shock s t r u t .  

3 .  Because of differences i n  s l i p  r a t io ,  forward-speed impacts with 
reverse wheel rotat ion give somewhat smaller loads a t  the  higher re la -  
t i v e  horizontal veloci t ies  than t rue  forward-speed impacts; the higher 
the forward speed i n  the  reverse rotat ion impacts, of course, the smaller 
is  the  difference i n  load. 



NACA TN 7256 11 

4. A t  horizontal veloci t ies  representative of actual  airplanes, 
s ta t ionary spin-up drop t e s t s  give considerably smaller drag and ve r t i ca l  
loads than impacts w i t h  forward speed. 

5 .  The coefficient of f r i c t i o n  between the  t i re  and runway decreases 
appreciably w i t h  increasing skidding velocity.  During an impact there 
is  a t rans i t ion  from an i n i t i a l l y  cold t i re  surface t o  a more-or-less 
equilibrium condition; consequently the  coefficient of f r i c t i o n  &arts 
out a t  f a i r l y  high values representative of the cold t i re  and rapidly 
drops t o  values corresponding t o  the equilibrium condition. B o t h  trends 
indicate a decrease i n  coefficient of f r i c t i o n  w i t h  increasing skidding 
velocity.  It should be noted, however, t ha t  even i n  the case of impacts 
a t  high in i t ia l  re la t ive  veloci t ies ,  the coefficient of f r i c t i o n  reaches 
f a i r l y  high values as the  skidding velocity i s  reduced in  the  l a t e r  
stages of the spin-up process. 

I 

6. The variat ion of the coefficient of f r i c t i o n  w i t h  skidding 
velocity is  also dependent on the  s l i p  r a t io .  
r a t i o  is par t icu lar ly  marked i n  the  case of spin-up drop tests. 
low re la t ive  veloci t ies  the  coeff ic ients  of f r i c t i o n  i n  drop t e s t s  are 
approximately the same as  i n  forward-speed t e s t s .  A t  higher re la t ive  
veloci t ies ,  however, the  coefficient of f r i c t i o n  drops t o  very small 
values as a resu l t  of the  e f fec ts  of heating and lubricat ion of the  con- 
t a c t  area by abraded o r  molten rubber. 

The importance of s l i p  
For 

7. Wheel prerotation, even p a r t i a l  prerotation, appears t o  be 
effect ive i n  reducing drag loads. Care should be taken, however, t o  
insure tha t  the re la t ive  velocity produced by prerotation i s  well below 
the velocity at which the drag-load hump occurs; otherwise the  drag load 
may be increased rather  than reduced. Th i s  r e s t r i c t ion  s t i l l  permits 
considerable l a t i t ude  i n  matching the  forward speed and does not violate  
the conclusion that prerotation can greatly reduce the maximum drag load. 

A s  has been previously mentioned, the r e su l t s  of the present inves- 
t iga t ion  were obtained with a small landing gear equipped with a re la -  
t i ve ly  low-pressure t i r e .  Jus t  how general these results a re  i s  as yet 
unknown. 
of wheel size,  t i re  pressure, ve r t i ca l  load, r a t e  of change of ve r t i ca l  
load, s l i p  r a t io ,  heating produced by the  skidding energy absorbed by 
the t i r e ,  d i f fe ren t  runway surfaces and materials, and other factors  
which may influence the coeff ic ient  of f r i c t ion .  

In  par t icular ,  similar data a r e  needed t o  determine the e f fec ts  

Langley Aeronautical Laboratory, 
National Advisory Committee for  Aeronautics 

Langley Field, Va., April 24, 1953. 
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Figure 1.- View of impact-basin carriage and landing-gear test specimen. 
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Figure 2.- Sketch of landing gear and load-measuring instrumentation. 
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Figure 3.- Comparison of loads measured with axle dynamometer and ground 
dynamometer, including inertia-load corrections, in spin-up drop test. 
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Figure 4.- Time histories of drag load, vertical load, and coefficient 
Vv0 = 9.6 fps- of skidding friction in impacts with forward speed. 
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Figure 5.- Time h i s to r i e s  of drag load, ve r t i ca l  load, and coefficient 
of skidding f r i c t i o n  i n  impacts w i t h  forward speed and reverse wheel 
rotat ion.  Vvo = 7.5 f p s ;  Vcarriage = 57 mph. 
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Figure 6.- Maximum drag and ve r t i ca l  loads i n  impacts w i t h  forward speed and 
Vvo = 7.5 fps. i n  impacts w i t h  forward speed and reverse wheel rotation. 
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10x103 o----- SPIN-UP DROP TESTS 
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Figure 7.- Comparison of m a x i m  drag and ve r t i ca l  loads i n  spin-up 
drop t e s t s  w i t h  r e su l t s  of forward-speed impacts w i t h  and without 
reverse wheel rotat ion.  vv, = 7.5 f P s .  
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Figure 9.- Diagramtic representation of variation of coefficient 
of skidding friction. 
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Figure 10.- Effect of wheel prerotation on time histories of drag and 
vertical loads. Vvo = 9.6 fps; Vcarriage = 57 q h .  
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Figwe 11.- Effect of wheel prerotation on m a x i m  drag loads in impacts 
with forward speed. Vcarriage = 37 mph. 
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